The RNA degradosome of Escherichia coli is a multiprotein complex involved in the degradation of mRNA. The principal components are RNase E, PNPase, RhlB, and enolase. RNase E is a large multidomain protein with an N-terminal catalytic region and a C-terminal noncatalytic region that is mostly natively unstructured protein. The noncatalytic region contains sites for binding RNA and for proteinprotein interactions with other components of the RNA degradosome. Several recent studies suggest that there are alternative forms of the RNA degradosome depending on growth conditions or other factors. These alternative forms appear to modulate RNase E activity in the degradation of mRNA. RNA degradosome-like complexes appear to be conserved throughout the Proteobacteria, but there is a surprising variability in composition that might contribute to the adaptation of these bacteria to the enormously wide variety of niches in which they live. 
INTRODUCTION
The RNA degradosome was discovered in two different laboratories during work on the purification and characterization of Escherichia coli ribonuclease E (RNase E) and the identification of factors affecting the activity of the RNA-degrading enzyme, polynucleotide phosphorylase (PNPase) (9, 11, 23, 70) . The major components of this multiprotein complex include RNase E, PNPase, RNase helicase B (RhlB), and enolase (54, 71). RNase E and PNPase are important enzymes for the maturation of stable RNA and the degradation of mRNA (10, 16, 21, 26) . RNase E cleavage is generally believed to be the rate-limiting step in mRNA degradation (40). Enolase is a glycolytic enzyme whose role in mRNA degradation is still a mystery. RhlB is a DEAD-box RNA helicase that facilitates the degradation of mRNA by RNase E and PNPase.
RNase E-MEDIATED mRNA DEGRADATION IN ESCHERICHIA COLI
In this review I focus on mRNA degradation because RNase E, PNPase, and RhlB each have an important role in this process. Under normal laboratory growth conditions, the principal pathway for mRNA degradation in E. coli is mediated by RNase E (Figure 1) . RNase E inactivates polyribosomal mRNA by endoribonucleolytic cleavage to produce mRNA fragments, which are digested to nucleotides by exoribonucleases with help from RhlB and poly(A) polymerase (PAP). In wildtype cells, it is difficult to detect the mRNA fragments depicted in Figure 1 because they are rapidly digested by the exoribonucleases. That is, the initial cleavage by RNase E is the slow step that corresponds to the functional degradation of mRNA, whereas the overall process corresponds to the chemical degradation of mRNA. The elucidation of this pathway is based on the biochemical characterization of the enzymes in Figure 1 and on genetic studies employing E. coli strains with mutations in the genes encoding these enzymes. RNase E is the only essential enzyme in this pathway, although it is not clear if the loss of viability is due to defective mRNA degradation or to another function such as the maturation of ribosomal or transfer RNA (20, 63, 76) . Strains in which RNase II and PNPase, or RNase R and PNPase, have been inactivated are also not viable (21) . Strains in which RNase II and RNase R have been inactivated are viable, suggesting that PNPase alone can perform all the essential functions of the exoribonucleases. The 3 polyadenylation of mRNA fragments by PAP activates their degradation by the exoribonucleases (10, 18, 22) . The role of the DEAD-box RNA helicase, RhlB, is discussed below. Three of the enzymes in this pathway, RNase E, PNPase, and RhlB, are major components of the RNA degradosome.
Although the pathway depicted in Figure 1 is useful for thinking about mRNA decay in E. coli, the possibility that alternate pathways (co)exist needs to be considered. The inactivation of RNase E slows mRNA degradation but does not completely block it. Other endoribonucleases such as RNase III, RNase P, RNase G, and RNase Z have been implicated to a limited extent in mRNA decay (16, 26, 41, 65, 66 ). However, strains in which RNase E and each of the other endoribonucleases have been inactivated exhibit mRNA degradation rates that are only slightly slower than when RNase E alone has been inactivated. In a strain in which RNase E, the exoribonucleases, and PAP have been inactivated, mRNA degradation is completely blocked (28) . Taken together, these results suggest that, in the absence of RNase E activity, E. coli has a secondary mRNA degradation pathway that appears to be mediated by PAP and the exoribonucleases. Recent microarray studies suggest that mRNA polyadenylation in E. coli is more widespread than previously believed and that the steady-state level of a significant cross section of transcripts increases when the gene encoding PNPase is disrupted (56, 57). Furthermore, there appears to be a subtle but intriguing interplay in the rpsO mRNA between degradation initiated by RNase E cleavage and degradation initiated by PAP (51). Important questions include what proportion of mRNA degradation is initiated by 3 polyadenylation and whether this proportion changes in response to growth conditions. Does control of this pathway involve the RNA degradosome? The principal pathway for mRNA degradation in E. coli. RNase E, PNPase, and RhlB are components of the RNA degradosome. (a) RNase E initially inactivates polyribosomal mRNA by cleaving in the translation initiation region (bold arrow) or in the intercistronic regions of polycistronic messages. As the elongating ribosomes finish translating the functionally inactivated mRNA, RNase E further cleaves the ribosome-free mRNA (dashed arrows).
(b) Fragments of mRNA produced by RNase E are digested to nucleotides by the exonucleases. RNA helicase B (RhlB) and poly(A) polymerase (PAP) are accessory factors that facilitate exoribonucleolytic activity. 
THE STRUCTURE AND FUNCTION OF RNase E
RNase E is a large, 1061-amino-acid multidomain protein that can be roughly divided into two halves. The N-terminal half of RNase E contains the catalytic domain, whereas the Cterminal half is an exceptionally long stretch of natively unstructured protein that has no known enzymatic activity. The structure of the catalytic domain of RNase E, complexed with RNA, has recently been solved by X-ray crystallography (6). Briefly, the enzyme is a homotetramer that can be viewed as a dimer of dimers. The catalytic site is structurally related to DNase I. The overall structure of the tetramer is important for formation of the catalytic site, which is consistent with previous biochemical work suggesting that protomers by themselves have little or no activity. Other important features include an S1 RNA binding domain, a site forming a pocket that specifically interacts with the terminus of 5 -monophosphorylated RNA, and a channel that permits access to the catalytic site of single-stranded RNA, but not double-stranded RNA. The structure helps researchers to better understand many characteristics of the enzyme elucidated in previous biochemical and genetic studies, including the specificity for single-stranded RNA and the activation of catalytic activity by 5 -monophosphorylated RNA. The noncatalytic region of RNase E contains two RNA binding sites and three protein binding sites involved in the assembly of the RNA degradosome. The region containing the protein binding sites has also been called the scaffold because it is the framework upon which the other components of the RNA degradosome are assembled (17, 33, 79) . Most of the noncatalytic region of RNase E is predicted to be natively unstructured by sequence analysis. Evidence supporting this prediction, including studies by circular dichroism and Xray scattering, has recently been obtained (5). Natively unstructured protein (also known as intrinsically unstructured protein) is protein with little or no propensity to fold under native conditions (78) . Although unfolded protein is often found as relatively short stretches in proteins that are normally folded, some proteins are completely unfolded under native conditions. These proteins have mechanical properties that can be used as molecular springs, rulers, and spacers. The underlying physical force is due to the significant entropic penalty involved in compressing or stretching unfolded protein. Given the large size of the natively unstructured region in RNase E (more than 500 residues), the mechanical properties of this region could be important for RNA degradosome function.
The recently solved crystal structure of enolase bound to its cognate site in RNase E shows that the interaction involves little if any folding of RNase E (12) . A polypeptide from the region of RNase E that binds enolase fits snugly into a cleft at the interface of the protomers that comprise the enolase dimer. An interaction network of mostly hydrogen bonds involves 13 amino acids from RNase E. The overall structure of enolase is unperturbed by the interaction, consistent with previous work showing that enolase in the RNA degradosome has full activity (71). The RNase E polypeptide forms a single turn of the α-helix. It is not known if this α-helix preexisted in solution before complex formation, but the region that binds enolase is one of several small islands in the noncatalytic region of RNase E predicted to have the capacity to fold (5). Sequence comparisons of RNase E homologs from other γ-Proteobacteria revealed a short conserved motif of about 25 amino acids that corresponds to the enolase binding site. Because the motif is larger than the interaction detected in the crystal structure, it has been suggested that there could be a second interaction involving an additional 5 to 10 residues. Taken together, these results show that enolase interacts with RNase E by using a relatively small segment (15 to 25 residues) in the noncatalytic region. Although structures of RhlB and PNPase complexed to segments of RNase E have not yet been solved, it seems likely that these interactions are similar to the interaction elucidated for enolase (5, 12, 50) .
Obtaining molecular models for the catalytic domain of RNase E and other components of the RNA degradosome has been tremendously stimulating. The experimental confirmation that much of the noncatalytic region of RNase E is intrinsically unstructured helps researchers to better understand certain work performed over the past decade in which an extensive deletion analysis of the noncatalytic region of RNase E was performed (17, 33, 44, 64, 79) . With the possible exception of one of the RNA binding domains, deletion of part or the entire noncatalytic region of RNase E has at most a small effect on the catalytic activity of RNase E. The deletion of the catalytic domain or of a specific RNA or protein binding site does not affect binding at other sites that have not been deleted. Relatively small polypeptides corresponding to binding sites in the noncatalytic region of RNase E have full binding activity. All these results point to a structure in which the catalytic domain of RNase E and the individual binding sites act independently of each other: a string of pearls model, in which each pearl is structurally autonomous.
THE STRUCTURE AND FUNCTION OF PNPase
PNPase acts as a 3 exoribonuclease in E. coli. It degrades RNA from the 3 end, releasing nucleotides in a processive 3 to 5 degradation reaction. However, PNPase is a phosphorylase: It uses phosphate to cleave phosphodiester bonds. There is a significant difference between hydrolysis of a polynucleotide and phosphorolysis of a polynucleotide: Hydrolysis is a favorable reaction, whereas the phosphorolysis is a reaction close to equilibrium. Indeed, PNPase was discovered as the first RNA-synthesizing enzyme (27) . It is now known that PNPase is primarily an RNA-degrading enzyme and that the concentration of free phosphate in the cell favors phosphorolysis. Nevertheless, there have been reports that PNPase can occasionally add 3 -polynucleotide extensions to mRNA or mRNA decay fragments (55, 57). Although intriguing, the physiological relevance of the synthetic reaction remains to be elucidated.
The structure of the PNPase from Streptomyces antibioticus has been solved by X-ray crystallography (50, 74, 75) . Briefly, PNPase is a homotrimer. Each protomer is composed of four domains: two PH domains, which are structural elements that form the catalytic site, and two RNA binding domains. The PH domains are related by sequence and structure and are believed to have arisen by an ancient gene duplication-fusion event. The PH domains form a hexameric ring, with the catalytic site in the central channel formed by the ring. The RNA binding domains are on one face of the ring, forming a cap that could control access of the RNA substrate to the catalytic core and facilitate processivity. In a recent study in which the RNA binding domains of E. coli PNPase were deleted, the interaction between PNPase and RNase E was unperturbed (73). Thus, RNase E interacts with the catalytic core of PNPase. The threefold symmetry of PNPase suggests that it has three independent sites for the interaction with RNase E.
It is not yet known if the interaction between RNase E and PNPase alters the structure of PNPase. As described in the next section, the interaction between RNase E and RhlB significantly stimulates RhlB activity. Thus, not all protein-protein interactions in the RNA degradosome are neutral with respect to enzymatic activity.
THE STRUCTURE AND FUNCTION OF RhlB
The DEAD-box RNA helicases are a ubiquitous family of enzymes (46, 77). Although called DEAD-box proteins, D-E-A-D is one of nine motifs within a structurally conserved catalytic core composed of about 400 amino acids. In vitro, these proteins often have RNA-dependent ATPase activity and ATPase-dependent RNA unwinding activity. However, these helicases generally unwind only a few base pairs of duplex RNA. The DEAD-box proteins often act locally at specific sites to remodel RNA-RNA or RNAprotein interactions. They have specific roles in one or a few steps in processes such as translation initiation, mRNA splicing, and ribosome assembly. The conserved catalytic core, which is the motor of these proteins, is directed to specific targets by accessory domains that are present either in the same protein or within a multiprotein complex.
E. coli encodes five DEAD-box proteins: CsdA (also known as DeaD), DbpA, RhlB, RhlE, and SrmB (31). CsdA, DbpA, and SrmB have roles in ribosome assembly (13, 14, 34) . The function of RhlE is not known. Strains in which the genes encoding each of these proteins have been disrupted are viable. This is in contrast to yeast, which has more than 20 DEAD-box proteins. Most of them are essential for viability (46, 77). The smaller number of DEAD-box proteins in E. coli could be due to its translation initiation mechanism, which does not require a DEAD-box RNA helicase, and the lack of a spliceosome-based RNA splicing system. One possible explanation for the nonessential nature of the E. coli DEAD-box proteins is that they could have overlapping functions. However, this appears unlikely because E. coli strains with multiple mutations inactivating more than one DEADbox protein are also viable (31; V. Khemici & A.J. Carpousis, unpublished results). The dispensability of the E. coli DEAD-box proteins suggests that, like many other pathways in E. coli, ribosome assembly and mRNA degradation are highly streamlined, requiring few accessory factors. As discussed below, strains in which RhlB has been inactivated have clearcut defects in mRNA degradation, some of which have been analyzed in detail.
A functional interaction between RhlB and PNPase has been elucidated in biochemical experiments. PNPase specifically acts on single-stranded RNA substrates, although partially structured RNA substrates can be degraded in vitro. In kinetic experiments, pausing of the PNPase at RNA stemloops or more complicated structures can be detected as intermediates in degradation. These results are usually interpreted as follows. PNPase pauses at structured RNA because only single-stranded RNA can thread into the catalytic core. However, terminal base pairs in duplex RNA frequently open spontaneously (breathe), and PNPase can nibble duplex RNA as it breathes. Repeated extragenic palindromic (REP) sequences present in the noncoding regions of many polycistronic mRNAs are a particularly effective barrier against digestion by PNPase and other exoribonucleases (53, 62). The RNA degradosome was shown to degrade mRNA substrates containing REP elements in a reaction that required ATP hydrolysis (71). In subsequent reconstitution experiments, a functional interaction between PNPase and RhlB was shown to depend on the binding of these enzymes to the protein scaffold of RNase E (17) . The reaction catalyzed by RhlB is unlikely to involve the unwinding of long stretches of duplex RNA. All that is required is a little push from ATP hydrolysis by RhlB to melt a few terminal base pairs and thus facilitate threading into the catalytic site.
Highly purified RhlB has no detectable RNA-dependent ATPase activity, even though this activity was detected in the RNA degradosome. A polypeptide derived from the noncatalytic region of RNase E, which included the RhlB binding site, strongly stimulated the RNA-dependent ATPase activity of RhlB (79) . RhlB and the RNase E polypeptide formed a 1:1 complex, and the RNA-dependent ATPase activity at saturating concentrations of the RNase E polypeptide was comparable to the activity measured in the RNA degradosome. In other work, an amino acid substitution in the noncatalytic region of RNase E that disrupted the interaction with RhlB also interfered with the stimulation of RNA-dependent ATPase activity (37). A complex between RhlB and the RNase E polypeptide also has ATPasedependent RNA unwinding activity (12a). In RNA unwinding experiments performed with a smaller RNase E polypeptide in which RNA binding sites flanking the RhlB binding site were deleted, RNA unwinding activity diminished significantly. The importance of these regions for RNA binding was confirmed in gel retardation and quantitative filter binding assays. Taken together, these results show that the binding of RhlB to RNase E has two major effects: (a) The protein-protein interaction activates the ATPase activity of RhlB, and (b) the RNA binding sites provided by RNase E participate in the RNA unwinding reaction.
The structure of RhlB has been modeled on the basis of other DEAD-box proteins whose structures have been solved by X-ray crystallography (12a). RhlB is essentially composed of the conserved DEAD-box catalytic core and a short basic C-terminal extension that appears to be involved in nonspecific RNA binding. The work described in this section strongly suggests that the binding of RhlB to RNase E and thus its association with the RNA degradosome determine its specificity in mRNA degradation.
THE STRUCTURE AND FUNCTION OF ENOLASE
Enolase is a glycolytic enzyme. Sequence comparisons and structures solved by X-ray crystallography show that the enzymes from E. coli and yeast are highly conserved (39). The enzyme catalyzes the reversible dehydration of 2-phosphoglycerate to phosphoenolpyruvate. Enolase is an abundant protein in E. coli and only a small proportion is bound to RNase E as a component of the RNA degradosome (47, 71). A number of functions for enolase in the RNA degradosome have been suggested, including the possibility that it serves as a sensor linking the energetic state of the cell to mRNA degradation. Microarray analysis suggests that enolase affects the degradation of certain messages that encode enzymes involved in energy-generating pathways (1, 2), and enolase and RNase E are involved in the response to phosphosugar stress (59, 60). Nevertheless, the physiological importance of linking the energetic state of the cell to mRNA degradation and the molecular basis for such regulation are not clear.
PUTTING RNase E, PNPase, RhlB, AND ENOLASE TOGETHER: ASSEMBLING THE RNA DEGRADOSOME In work in which RNase E was purified by classical biochemical techniques, PNPase, RhlB, and enolase copurified in stoichiometric amounts (3, 9, 23, 71). Attempts to determine the molecular weight of the RNA degradosome using these preparations were ambiguous. In velocity sedimentation experiments, the RNA degradosome exhibited considerable size heterogeneity, with sedimentation constants ranging from 8S to 16S on glycerol gradients (9) . RNase E, PNPase, RhlB, and enolase cosedimented in approximately equal proportions in the RNA degradosome fractions. Using native molecular mass markers, we estimated the RNA degradosome to have a molecular mass ranging from 160 to 460 kDa. However, by gel permeation, the RNA degradosome was estimated to have a molecular mass of at least 1500 kDa (A.J. Carpousis, unpublished results). The size heterogeneity is not likely due to RNA binding because the RNA degradosome preparations were free of detectable nucleic acid. For these reasons, we suggested that the RNA degradosome might be a dynamic complex (9) . That is, there might be an equilibrium between different size complexes. The discrepancy between molecular mass estimated by sedimentation and by gel permeation could be due to the natively unfolded nature of the noncatalytic region of RNase E. The molecular mass estimated by velocity sedimentation is likely a significant underestimation owing to the open conformation of a complex containing extended regions of natively unstructured protein. A model of the structure of the RNA degradosome. The components of the RNA degradosome are color coded. The noncatalytic region extending from the catalytic core of RNase E has been drawn symmetrically. However, the natively unstructured protein in each noncatalytic extension is likely to form a dynamic, random coil-like structure, and each extension is expected to act independently of the other noncatalytic extensions. The structural model shown in Figure 2 has a number of interesting functional consequences. First, the catalytic site of RNase E appears to be at the center of the RNA degradosome. Second, if the natively unstructured protein is not constrained, RhlB, enolase, and PNPase are part of a protein cloud that surrounds the catalytic core of RNase E. This view is diametrically opposed to models in which each component lies at fixed distances in a rigid structure. Figure 2 can be redrawn to put PNPase at the center by creating interactions between one trimer of PNPase and three noncatalytic regions of RNase E. Thus, it is probably a mistake to think of RNase E as the central component. The important concept is that the RNA degradosome could be a dynamic structure in which each component interacts freely with its nearest neighbors. The structure could be a molecular domain within which it is possible to channel an RNA substrate. That is, once an RNA substrate interacts with one of the components in the RNA degradosome, the probability of escaping from the complex would be lower than the probability of interacting with other components. These ideas are highly speculative, but it is evident that the influence of the natively unstructured protein on the structure and function of the RNA degradosome raises a number of interesting and important questions for future research.
The models for the RNA degradosome discussed in this section beg the question of whether such structures actually exist in E. coli. The cell biology of the RNA degradosome is a largely uncharted area of research that is ripe for exploration. A recent article, based on in vivo fluorescence tagging of proteins, suggests that the major components of the RNA degradosome colocalize in a filamentous structure (75a). The validity of this observation and the underlying molecular basis for forming a filamentous structure remains to be established.
ALTERNATIVE FORMS OF THE RNA DEGRADOSOME IN ESCHERICHIA COLI
RNase E copurifies and coprecipitates with other proteins that have been detected in substoichiometric amounts relative to the major components. These proteins include polyphosphate kinase (PPK), DnaK, and GroEL (3, 54, 72a). Furthermore, in a recent systematic analysis of protein-protein interactions in E. coli, RNase E, RhlB, enolase, and PNPase formed an interaction network as expected, but interactions with other proteins were detected, including the RNA binding protein Hfq (4). PPK is an enzyme that catalyzes the reversible polymerization of polyphosphate from ATP. In vitro, PPK binds RNA, and polyphosphate inhibits RNA degradosome activity (3). However, the physiological significance of these results is not known. The association of DnaK and GroEL could simply be a reflection of their chaperone activity. Hfq is discussed below.
In addition to proteins present in substoichiometric amounts, proteins loosely associated with the RNA degradosome could also have important roles. During its purification, the RNA degradosome copurified with a PAP activity that was removed in the last step of the purification. Furthermore, in vitro results have demonstrated a protein-protein interaction between PAP and RNase E (72). Unfortunately, the physiological significance of this interaction is unclear, since to date the only specific in vivo pathways that have been elucidated for PAP involve RNase R (15, 35) and the RNA binding protein Hfq (29, 58) .
There is evidence that the RNA degradosome is modified during cold shock (68). The DEAD-box RNA helicase, CsdA, which is a cold shock protein, associates with the RNA degradosome at low temperature. CsdA reconstituted into the RNA degradosome can replace the function of RhlB in vitro. However, analysis of the site where CsdA binds to RNase E revealed that it is distinct from the RhlB binding site (37). This secondary site binds CsdA, RhlE, and SrmB indiscriminately in vitro and, like CsdA, RhlE can replace RhlB activity in vitro. This work has raised more questions than it has answered. First, CsdA in the cold shock degradosome does not appear to replace RhlB, rather it is added to the complex. Nevertheless, even if structured mRNA is more difficult to degrade in the cold, the advantage of having two RNA helicases in the complex is not clear. Much more work is required to understand how the RNA degradosome is adapted to the cold. Second, although CsdA is overexpressed at low temperature, it is also present under normal growth conditions. Thus, how the RNA degradosome is remodeled in response to cold shock remains to be clarified.
Hfq is an abundant E. coli RNA binding protein involved in a variety of processes including the posttranscriptional control of gene expression by small noncoding regulatory RNA (sRNA) (8, 25, 80) . Two wellcharacterized sRNAs, RyhB and SgrS, as well as many other sRNAs, require Hfq for function. Hfq bound to the RyhB and SgrS protects them from degradation by RNase E and mediates their interaction with target mRNA. RyhB and SgrS block translation by binding to the translation initiation region in the target mRNA. Upon translation repression, both the sRNA and the target mRNA are degraded in a coordinated reaction that is mediated by RNase E (52, 60). The interaction of the sRNA with the mRNA is sufficient to inhibit translation. The degradation of the mRNA appears to be a secondary event that makes inhibition irreversible (61). A surprising finding was that in RNase E pull-down experiments a complex between RNase E, Hfq, and the SgrS was identified (60). Other results showed that the protein scaffold region of RNase E was necessary for the interaction with Hfq and that the RNase E-Hfq interaction was necessary for the degradation of the target mRNA. Furthermore, the RNase E-Hfq complex is distinct from the RNA degradosome in that it did not contain RhlB, enolase, or PNPase. Taken together, these results provide clearcut evidence for an RNase E-based complex containing Hfq that is distinct from the RNA degradosome.
Recently, two protein inhibitors of RNase E named RraA and RraB have been identified in genetic screens (24, 43) . These proteins inhibit RNase E activity in vivo and in vitro and appear to work by interacting with the noncatalytic region of RNase E. RraA binding cannot be localized to a single specific site in the noncatalytic region of RNase E, whereas RraB interacts in the same region where RhlB binds. The failure to localize RraA binding to a single region suggests that it recognizes multiple sites in the noncatalytic region. In vivo expression of RraA or RraB had differential effects on the level of certain specific transcripts www.annualreviews.org • The Bacterial RNA Degradosomeand on the composition of the RNA degradosome in an RNase E pull-down experiment (24) . Both inhibitors significantly reduced the amount of PNPase in the RNA degradosome. RraA also significantly reduced the amount of RhlB and enolase. In these experiments, CsdA bound to RNase E was detected in the cells where RraB was expressed. This is the first work to suggest that E. coli has protein factors that can modulate the composition of the RNA degradosome.
E. coli appears to have several different RNase E-based multiprotein complexes and the composition of the complexes can be modulated by factors such as cold shock, or RraA and RraB. The principal questions raised by these observations are how do changes in the composition of the RNA degradosome affect RNase E activity, how do factors such as RraA and RraB remodel the RNA degradosome, and what are the signals that promote remodeling?
PHYSIOLOGICAL STUDIES OF THE FUNCTION OF THE RNA DEGRADOSOME IN

ESCHERICHIA COLI
Strains of E. coli expressing truncated forms of RNase E in which part or all of the noncatalytic region have been deleted are viable (38, 79). Strains in which the genes encoding RhlB, enolase, and PNPase have been disrupted are also viable, although growth of a strain lacking enolase requires special feeding conditions. These results demonstrate that the assembly of the RNA degradosome is not essential in E. coli. Nevertheless, recent work has revealed a variety of effects on mRNA degradation in these mutant strains. One of the original alleles producing RNase E lacking the noncatalytic region, rne131, was isolated in a screen for suppressors of a temperaturesensitive allele of mukB (38). In an rne131 strain, mRNA degradation is slower (48). In fact, the effect of rne131 is comparable to the effect of a temperature-sensitive rne allele at the nonpermissive temperature. The rne131 strain grows normally. Functions such as the processing of ribosomal and transfer RNA are not affected. Taken together, these results suggest that the noncatalytic region of RNase E serves as an adapter that helps target RNase E to mRNA.
Subsequent work suggested that the major element involved in mRNA degradation was an RNA binding domain in the noncatalytic region of RNase E, not the protein scaffold to which RhlB, enolase, and PNPase bind (64). Nevertheless, recent genome-wide surveys of mRNA steady-state levels and decay rates suggest that the assembly of the RNA degradosome is necessary for normal mRNA decay (1, 2). That is, in a strain with the rne131 allele as well as strains in which the genes encoding RhlB, enolase, or PNPase have been inactivated, the levels of many mRNAs are significantly perturbed. Imbalances in gene expression could be one explanation why strains with mutations disrupting the noncatalytic region of RNase E are easily outcompeted when grown in mixed cultures with their wild-type parent (44).
mRNA synthesized by the bacteriophage T7 RNA polymerase are exceptionally sensitive to degradation by RNase E (30). This instability is due to the rate of RNA elongation of the T7 RNA polymerase, which is eightfold faster than the host enzyme (49). The T7 RNA polymerase rapidly outpaces translating ribosomes, producing long stretches of ribosome-free mRNA. A functional lacZ message transcribed by the T7 RNA polymerase in a strain with the rne131 mutation produces 10-to 20-fold more β-galactosidase than in the wild-type control (44, 48). The production of β-galactosidase was used to analyze a series of deletions disrupting elements in the noncatalytic region of RNase E. This study showed that the disruption of the RhlB binding site together with the flanking RNA binding domains had an effect on β-galactosidase production that was equal to the disruption of the entire noncatalytic region (44). It was shown subsequently that disrupting the gene encoding RhlB also significantly increased β-galactosidase production (36). Taken together, these results suggest RhlB in the RNA degradosome acts in concert with the flanking RNA binding sites to facilitate the degradation of the T7-lacZ mRNA. RhlB appears to be acting in a pathway involving the endoribonucleolytic activity of RNase E. This in vivo work is the first time that RhlB has been implicated in a functional interaction with the catalytic activity of RNase E.
In a double-mutant strain in which the genes encoding both RhlB and PAP have been disrupted, the degradation of mRNA fragments containing REP elements was severely impaired (35). These mRNA fragments appeared to be completely stable. In singlemutant strains, defects in REP mRNA degradation were detectable but less severe than in the double-mutant strain. This result suggests that RhlB and PAP are acting in separate pathways because both enzymes need to be inactivated to completely block REP mRNA degradation. Further work showed that RhlB and PNPase are in the same pathway and that both enzymes need to be bound to RNase E as part of the RNA degradosome for this pathway to work in vivo. This is the first work to demonstrate a requirement for RNA degradosome assembly for the activity of an mRNA-degrading pathway. This work concurs with previous in vitro results showing that RhlB and PNPase in the absence of the protein scaffold of RNase E cannot degrade mRNA fragments containing REP elements (17) . PAP and the exoribonuclease RNase R form the second pathway involved in the degradation of mRNA containing REP elements (15, 35) . Taken together, this work shows that RhlB and PAP act in separate, parallel pathways. The PAP-RNase R pathway works independently of the RNA degradosome.
The work presented in this section shows that RhlB as a component of the RNA degradosome acts in vivo in different pathways, one involving RNase E and the other involving PNPase. The function of both pathways requires the assembly of the RNA degradosome. The dynamic nature of the natively unstructured protein in the noncatalytic region of RNase E could be important for the capacity of RhlB to function in both pathways. It should be interesting to test this idea in future work on the RNA degradosome.
AN RhlB-PNPase COMPLEX IN THE ABSENCE OF THE PROTEIN SCAFFOLD OF RNase E
Lin-Chao and colleagues (45, 47) have recently published biochemical, two-hybrid, and immunoprecipitation experiments showing that RhlB can interact directly with PNPase. An antibody against RhlB can coimmunoprecipitate PNPase in a strain with RNase E lacking the protein scaffold. LinChao and colleagues have inferred from these results that RhlB is the β-subunit of PNPase, a 48-kDa polypeptide that copurified with PNPase in certain purification procedures. However, the interaction in vitro of RhlB with PNPase is weaker than the interaction of RhlB with RNase E (47), and the coimmunoprecipitation of PNPase and RhlB is much more efficient in a strain containing intact RNase E (45, 79).
The claim that RhlB is the β-subunit of PNPase is in direct conflict with previously published work. During the purification and characterization of the RNA degradosome, I obtained a sample of PNPase containing the β-subunit from Claude Portier (67). This preparation was compared sideby-side with the RNA degradosome preparation. In gel electrophoresis, the 48-kDa protein in the PNPase preparation comigrated with the 48-kDa protein in the RNA degradosome preparation, which is now known to be enolase (9, 71) . Furthermore, the 48-kDa protein from each preparation was analyzed by protein fingerprinting using partial proteolysis with several different proteases. The β-subunit and enolase were identical (9). However, no direct physical www.annualreviews.org • The Bacterial RNA Degradosomeinteraction between enolase and PNPase was detected in subsequent work and a possible explanation of this apparent contradiction was suggested previously (79) . In preparations of PNPase containing the β-subunit, the noncatalytic region of RNase E was likely degraded to proteolytic fragments. Enolase is the closest protein to PNPase on the scaffold and the two proteins could have been tethered by proteolytic fragments. The identity of the β-subunit of PNPase is mainly of historical interest. The question of whether there is an RhlB-PNPase pathway in vivo that functions independently of the RNase E protein scaffold is, however, an issue that needs to be addressed.
THE PHYLOGENETIC DISTRIBUTION OF RNase E AND THE EVOLUTION OF THE RNA DEGRADOSOME
In E. coli, there is significant sequence conservation between RNase G and the catalytic core of RNase E. The difference between the two enzymes is that RNase G lacks the extended noncatalytic region found in RNase E. These enzymes are the founders of the RNase E/G family of ribonucleases distributed throughout the Bacteria (7, 19, 42). In the Proteobacteria, most of the bacteria whose genomes have been completely sequenced contain identifiable orthologs of RNase E and RNase G. Outside of the Proteobacteria, many, but not all, bacteria have ribonucleases that are members of the RNase E/G family. However, these organisms often encode a single gene and the longer RNase E-like form is not always present. For example, Synechocystis, a cyanobacteria, encodes a short form of the enzyme, whereas Streptomyces coelicolor, an actinobacteria, encodes an unusual form in which the catalytic domain is flanked by long N-and C-terminal extensions (33, 42) .
A striking feature of RNase E within the Proteobacteria is that, although the catalytic domain of the enzyme is well conserved, the noncatalytic region is highly plastic in both primary sequence and length (50). Furthermore, to the limited extent that the RNA degradosome has been characterized in other Proteobacteria, its composition is variable. That is, Pseudomonas syringae has a multiprotein complex containing RNase E, RNase R, and a DEAD-box protein; Rhodobacter capsulatus has a multiprotein complex containing RNase E, two DEAD-box proteins, and the Rho transcription termination factor (32, 69) . Thus, the phylogenetic plasticity of the noncatalytic region of RNase E appears to be associated with a functional plasticity in the composition of the RNA degradosome. Within the γ-Proteobacteria, the noncatalytic region of the RNase E of E. coli and related enterobacteria contains a set of conserved, short-sequence motifs that correspond to the sites for binding RhlB, enolase, and PNPase (12, 50). Thus, an E. coli-like RNA degradosome appears to be conserved in the enterobacteria.
Taken together, these observations suggest that most Proteobacteria contain an RNase E-based multiprotein complex. Nonetheless, there is only a limited sequence conservation of the noncatalytic region among the enterobacteria. In addition to the DEAD-box proteins, RNase R and the Rho transcription termination factor have been identified as components of the RNA degradosome in Proteobacteria distantly related to E. coli. Given that only two bacteria other than E. coli have been analyzed so far, this list could be much longer. The plasticity of the noncatalytic region is likely related to its natively unfolded structure (50). The emerging story suggests a remarkable conservation of RNA degradosome-like complexes but a surprising variability in composition. It is likely that the central role of the RNA degradosome in the posttranscriptional regulation of gene expression and the remodeling of this complex during evolution contributes to the adaptation of bacteria to the enormously wide variety of niches in which they live. 
Evidence for an
